Abstract: Dendroclimatic studies were carried out in the experimental stands composed of many tree species situated in the Polish part of the Baltic sea-coast. Increment cores were taken from a 100-years old trees of 2 native species: Norway spruce (Picea abies (L.) Karst.), and Scots pine (Pinus sylvestris L.) and 3 nonnative species: Douglas fir (Pseudotsuga menziesii (Mirb.) Franco), Sitka spruce (Picea sitchensis (Bong.) Carr.) and Silver fir (Abies alba Mill.). Thirty trees of each species were cored. The relationships between the diameter increment and the thermal and pluvial conditions during the period from 1925 to 2005 were analyzed on the basis of standardized tree-ring chronologies and climatic data. It was found that precipitation and temperature of the growing season and months preceding that season affected the annual diameter increment of all investigated tree species. The current year winter and early spring temperatures as well as February and August precipitation had a similar effect on the variation of diameter increment of trees. On the other hand thermal and pluvial conditions of the current year June differentiated the increment rhythm of individual species. A very strong negative effect on diameter growth of trees was observed in the case of winter and early spring frosts. Norway spruce turned out to be a species most resistant to low temperatures. The investigated tree species, especially Norway spruce, was susceptible to water deficiency in the soil during spring and summer. In the case of Scots pine a high precipitation in June stimulated its growth. The diameter increments of Douglas fir, Sitka spruce, Scots pine, and Silver fir were more strongly connected with air temperature than with precipitation. So called all-species chronology of tree-ring width, constructed during this study, permitted to verify the factors having a similar effect on growth response of the investigated tree species. It reflected the mutual characteristics of diameter increments of trees of various species.
INTRODUCTION
The diameter increment is an autogenous feature of trees, controlled by various external factors, including the climate. The development of chronologies of diameter increments makes possible wide comparative study of comparative studies concerning the ecological requirements of trees (Fritts, 1965) . The tree populations studied during the provenance experiments, where the development and growth of individuals of various provenances or different species occurs under similar site conditions, are especially useful for this type of investigations. In dendroclimatic investigations, searching for climate-tree growth relationships, the choice of trees of proper age is also important. Such conditions were fulfilled by trees growing in experimental stands established by Cieślar and Schwappach in central Europe at the end of the 19 th century (Białobok and Chylarecki, 1965; Chylarecki, 1976) . In Poland, the experimental area situated in the middle part of the Baltic sea-coast is especially interesting in this respect. This stand is composed from native coniferous tree species, as well as those nonnatives (P. menziesii, P. sitchensis) introduced from North America.
The purpose of this study was to determine the susceptibility of native as well as nonnative tree species to selected elements of the Baltic sea-coast climate. We were searching for relationships occurring between the tree-ring width and the air temperature and precipitation. It is known that tree-ring growth of trees growing in a given area reflects the prevalent meteorological conditions in individual years. On the basis of this knowledge it is possible to determine the degree of adaptation of the investigated tree species to the climate, and to forecast their growth behavior in future. This in turn is especially important in the presence of observed and forecasted climatic changes.
MATERIALS AND METHODS
The study was conducted in the over a 100-year old stand composed by tree species, located in the Sławno forest district on the Baltic sea coast in the Western Pomerania (Trampler et al., 1990; Woś, 1999) . The air temperature and precipitation data come from the IMGW (Institute of Meteorology and Water Economy) meteorological station located in Koszalin (co-ordinates: 54°12′, 16°10′; 33 m asl.). The research site is 40 km away from the meteorological station. This geographic and climatic region is characterized by a considerable number of moderately warm days with frequent precipitation. The number of days with hard or ground frost is relatively small. The growing season is rather long, i.e. 210 days on the average. The total annual precipitation is over 750 mm, and in the warmer half-year it is 400 mm on the average. However, months with very low precipitation may occur in that area. The precipitation varies most during the growing season, and often trees are subjected to extreme pluvial conditions in this season so that such extreme precipitation events are important for tree growth (Fig.  1) . The mean annual air temperature in this area is 7.8°C. The temperature of the warmest month (July) is 16.9°C, and of the coldest one (January) is -1.1°C. However, sometimes winter temperatures drop below -10°C, while during summer they often are above 30°C. The mean temperature amplitude is relatively low amounting to about 18°C. The nearness of the sea makes the thermal conditions mild. The mean monthly temperature varies most during winter.
There were 2 native tree species: Scots pine (PISY), and Norway spruce (PCAB), and 3 nonnative ones: Douglas-fir (PSME), Sitka spruce (PCSI) and Silver fir (ABAL). The species symbol is given in brackets (Grissino-Mayer, 2008) . The stand was situated on a flat land, and the site represented a fresh mixed forest with acid brown soil. The individual species were growing in a group mixture with a moderate crown closure.
The 30 trees of Kraft's class I of each species were cored with the Pressler's increment borer, 1.3 m above the ground level. Tree-ring widths were measured on the cores thus obtaining tree-ring series. Ring dating accuracy was verified using the computer program COFECHA (Holmes, 1986) . Next, on the basis of the tree-ring series the tree-ring width chronologies (WRC) were computed for trees of each species and population. This was followed by the standardization of the tree-ring series in order to remove trends and to strengthen a shortterm (annual) variation. On the basis of the standardized series the residual chronologies (CR) were developed. The computer program ARSTAN (Cook and Holmes, 1986) was used for this purpose.
In order to estimate the quality and representative character of chronologies, and strength of the climate signal in tree-rings the following indexes were computed: coefficient of correlation of the series with the standard chronology (rWz) (Holmes, 1986) , mean sensitivity (C) (Fritts, 1976) , EPS -Expressed Population Signal (Briffa, 1984; Wigley et al., 1984, Briffa and , and SNR (signal-to-noise ratio) (Briffa et al., 1987) . The index EPS expresses the fraction of the general population chronology variance that is explained by the size n sample chronology, while the index SNR informs about the ratio between the signal (short-term variation) and the noises (long-term variation) contained in chronologies of the investigated tree populations. The following formulae were used:
where: r mean -mean correlation coefficient between highfrequency standardized series, n -number of series.
To determine the relationships between the tree-ring width and the air temperature and precipitation, correlation and multiple regression (response function) analyses (Fritts et al., 1971; Guiot, 1990) calculated by the program RESPO were used (Holmes and Lough, 1999) .
It is known that the size of tree diameter increments is affected by weather conditions of the growing season and the previous months (Fritts, 1976) . This is why the mean monthly values of air temperature and total precipitation were used as independent variables. They represented the period between the previous year May and September of the ring formation year. The increment indexes of residual chronologies (CR) were the dependent variables. The period from 1923 to 2005 was analyzed on the basis of data obtained from the nearby meteorological station of Koszalin.
In order to classify the tree-ring chronologies and to determine similarities between them, as well as to identify the factors controlling the variation of diameter increments, the following methods were used: the correlation and similarity (Huber, 1943; Eckstein and Bauch, 1969) , cluster analyses, and the principal components analysis. For calculations the computer program STA-TISTICA 6.0 was used. In the Huber's method of similarity the agreement coefficient (Gleichläufigkeit) (GL%) was computed according to the formula:
where: m -number of concordant (as to the direction) chronology sections, n -length of the period under comparison in years. This coefficient permits to estimate the agreement of the chronology direction in 2-year intervals, i.e. a shortterm variation.
Also the mean sensitivity (C) (Fritts, 1976) was computed for each species chronology. This is an index expressing the degree of tree sensitivity (short-term variation) to environmental factors during a certain period of time. It was computed according to the following formula:
-1 , n -chronology length (years), x -tree-ring width, i -year.
RESULTS
Ring widths of 5 investigated tree species strongly varied from year to year. The species tree-ring width chronologies (WRC) shown in Fig. 2 graphically illustrate this variation. A high degree of agreement of all five chronologies may be observed. However, there were periods of time when the individual species chronologies were different from each other. This shows that on the one hand there were certain factors having a similar effect on growth rhythm of all tree species. On the other hand there existed factors which differentiated this rhythm. Their identification will be discussed below. A permanent decreasing trend in respect of the tree-ring width was observed during the analyzed period lasting until the mid 1980s. Afterwards the wood increments became stable, and in some cases they even increased. This is clearly evident in standardized chronologies (CR). The increasing trend of diameter increments of European fir is marked with a trend line (Fig. 2) .
During 1923-2005 Sitka spruce was characterized by the widest mean tree-ring (3.09 mm), while the mean tree-ring of Scots pine was the narrowest one (2.11 mm) (Table 1) . Thus, certain differences in growth potential are evident among trees of the same age of individual species growing under the same site conditions. It turned out that foreign tree species as well as native European fir have attained the highest diameter increments during the last 80 years.
All tree species investigated during this study attained a relatively high mean coefficient of correlation between the tree series and their species chronologies (rWz). In each case it exceeded the value of 0.6. This demonstrated that annual changes in tree-ring width of individual species were highly homogeneous. Thus, all species had a similar growth rhythm. Also values of the mean sensitivity (C) were relatively high. These values indicated a high sensitivity of trees to external factors, mainly to climatic 
rWz -mean correlation coefficient of the standardized series with the chronology, C -mean sensitivity, AC -autocorrelation 1-order, EPS -expressed population signal, SNR -signal-to-noise ratio, CR -residual chronology, WRC -tree-ring width chronology
conditions. The climate is the main factor controlling a short-term (annual) variation. The native Scots pine showed the highest sensitivity (0.232). Also Sitka spruce was quite sensitive, while the lowest sensitivity was found for the native Norway spruce (0.195) ( Table 1) . The standardization of tree-ring series lowered values of the coefficient of autocorrelation of the chronologies CR. They were very high in the case of the tree-ring width chronologies (WRC) ( Table 1) . This was confirmed by the progress of CR which was freed of the trend and of the most of the long-term fluctuations, characteristic for WRC (Fig. 2) . Thus, the short-term (annual) variation was brought into prominence in standardized chronologies (CR). Therefore these chronologies make a good material for investigations concerning climate-tree growth relationships. The CR chronologies contain a strong climatic signal and are representative for hypothetical populations . Also very high values of indexes EPS and SNR have confirmed this fact ( Table 1) .
The degree of similarity among chronologies CR was shown by the cluster analysis (Fig. 3) . This may be considered to be a graphic representation of growth responses (annual changes in tree-ring width) of trees of a given population. The chronologies of trees from the genus Picea, i.e. Norway spruce and Sitka spruce, were the most similar to each other. Also the similarity between chronologies of Douglas-fir and European fir was relatively high. The chronology of Scots pine was least similar to chronologies of the remaining species (Fig. 3) . It should be stressed, however, that the cluster analysis permits to determine only the degree of similarity between chronologies, i.e. the similarity between growth responses of tree populations.
In order to identify the factors controlling the similarities and differences between chronologies the principal component analysis (PCA) was used. Its results confirmed and widened the information obtained by the cluster analysis. The first factor accounted for 61.7% of the total variance of the species CR, the second for 13.2%, and the third one for 10.3%. In total they explained 85% of the total chronology variance. Moreover, the first factor grouped all chronologies regardless of the species, while the second one differentiated the chronologies into three subgroups (Fig. 4) . The first subgroup was formed by the chronologies of Norway spruce and Sitka spruce, the second -Silver fir and Douglas-fir, and the thirdScots pine. The chronology grouping was very similar to that of the cluster analysis (Fig. 3) . The chronologies of Norway spruce and Sitka spruce showed the highest positive correlation with the second factor, while the correlation of the Scots pine chronology with this factor was the lowest one. The third factor did not group chronologies into distinct subgroups.
In chronologies CR the short-term variation was brought into prominence. Therefore, the searching for the nature of the factors was carried out among the climatic parameters. Thus, the scores of the first three factors were correlated with monthly values of temperature and precipitation. The scores of the first factor were most significantly (P<0.01) correlated with the mean temperature of winter and early spring months (January-April), the temperature of August, and the total precipitation of February. Their correlation with temperatures of February and March was the strongest one (P<0.01) (Fig. 5) . Therefore, these climatic parameters had a similar and essential effect on variation of diameter increments of all species. The scores of the second factor significantly correlated (P<0.01) with total precipitation and temperature of the current year June (Fig. 5) . Therefore, the thermal and pluvial conditions of early summer differentiated the growth behavior of the investigated tree species. The third factor did not show significant correlation with any of the climatic parameters. It may be supposed that its nature was non-climatic.
The results of PCA were confirmed by the analyses of the correlation and response functions (Fig. 6) . These analyses showed that temperature of winter and early spring as well as precipitation in February had a similar positive effect on tree-ring width of all tree species under investigations. The total precipitation in June positively correlated with tree-ring width of both spruce species, and negatively with diameter increment of Scots pine. Silver fir had the greatest precipitation requirement in July. In the case of Douglas-fir no significant relationship between diameter growth and summer precipitation was found. High precipitation and low temperature during previous year summer and autumn had a positive effect on diameter increment of all tree species. This was most evident in both spruce species (Fig. 6) .
High values of the coefficient of determination R 2 of the response function showed that among various factors affecting the tree growth, the proportion of pluvial and thermal conditions was relatively high. In tree species investigated during this study, with the exception of Norway spruce, air temperature of winter and summer seasons was the main factor affecting diameter increment (Fig. 6) . The role of air temperature in variation of treering width was most evident in Scots pine (R 2 =39.8%) and foreign species, i.e. Douglas-fir (R 2 =36.4%) and Sitka spruce (R 2 =31.8%). In the case of Silver fir and Norway spruce this role was much lower (R 2 =23.3% and 18.3% respectively). The diameter increment of Norway spruce was more affected by precipitation (R 2 =24.8%) of late winter and summer as well as of the previous year autumn. On the other hand the tree-ring width of Silver fir and Scots pine was most weakly connected with precipitation (R 2 = 13.5% and 15.7% respectively) (Fig. 6) . A strong positive effect of late winter season temperature on diameter increment of trees was confirmed by significant similarity between the progress of five species chronologies and the curve of mean temperature of this season ( Table 2 ). The weakest relationship with late winter temperature was found for Norway spruce. The agreement of its chronology with the curve of the mean February-March temperature was on the brink of significance.
In order to emphasize mutual characteristics of species chronologies the so called all-species chronology was constructed. It was the mean chronology of chronologies of the five tree species investigated. It turned out that it was strongly correlated with air temperature of the February-March period ( Table 2) . This fact was con- firmed by its graphical comparison with the temperature curve of this period (Fig. 7) . Once again this showed the dominant role of the late winter temperature played in growth processes of all five tree species.
To illustrate the changes of climatic elements in time, important for tree growth, the line of the mean temperature for the February-March period was drawn (Fig. 7) . It turned out that a distinct increase of late winter temperature occurred during recent years. Probably this causes the earlier initiation of the growing season.
DISCUSSION
Due to the experimental character of the investigated stand tree growth was mainly affected by natural factors of the environment. The situation in managed stands is different because of intensive silvicultural treatments which disturb the natural environmental effects (Fritts, 1976; Schweingruber, 1983) . Therefore, it may be supposed that information obtained during this study on climate (temperature and precipitation) -tree growth relationships is reliable.
The winter and early spring temperature was the main factor controlling the diameter increment of all investigated tree species in individual years. Long and frosty winters delayed activity of the cambium. The effect of February precipitation was of an indirect character. At the sea-coast the precipitation and temperature minima occur during the winter season. A lack of snow cover results in deep freezing of soil, which may lead to the occurrence of a "physiological drought" (Puchalski and Prusinkiewicz, 1990) . It is especially dangerous to conifers physiologically active during winter. Besides, the snow cover is an important reservoir of water gradually released to the soil. This water is indispensable to trees in early spring when biochemical processes begin. However, spring in the investigated area is the season of scanty precipitation (Fig. 1) which not always meets the needs of trees.
The diameter increments of native Scots pine were most strongly dependent on air temperature. Apart from its susceptibility to low winter and early spring temperature it also required warmth during summer month. Under mild conditions of the sea-coast climate this is somewhat surprising. Such relationships were usually found in Scots pine growing in cool mountain regions (Wilczyński, 1999 (Wilczyński, , 2003 Wilczyński and Skrzyszewski, 2002b) , and at the northern border of its range Lindholm et al., 1997; Tuovinen, 2005) . In mountains, the terrain orography affects climate-tree growth relationships. For example trees growing in the precipitation shade of mountain ranges have greater precipitation requirements (Wilczyński and Skrzyszewski, 2002a) . The temperature requirements for Scots pine populations growing in Polish lowlands are not of prime importance, and there, this species is more sensitive to precipitation scarcity during the growing season (Zielski, 1997; Wilczyński, 1999) .
The climatic requirements of Silver fir growing on the Baltic sea-coast were not different from those found for this species during the dendroclimatic studies carried out so far. Warmth during winter and spring is important to growth of Silver fir occurring in lowland regions of Poland, but precipitation is also very important (Koprowski and Gławenda, 2007) . In mountains, on the other hand, temperature is more important than precipitation (Feliksik, 1990 ). In the case of Norway spruce the pluvial conditions controlled diameter increment to a greater degree than the thermal ones. From among the investigated species it suffered most on account of soil moisture deficiency in spring and summer, but it was the most resistant species to low winter temperatures. Norway spruce populations of its Boreal-Baltic range are usually characterized by high precipitation and summer temperature requirements (Mäkinen et al., 2000; Zielski and Koprowski, 2001; Vitas, 2004; Koprowski and Zielski, 2006) . Similar high moisture and thermal requirements were found for mountain populations of Norway spruce (Feliksik and Wilczyński, 2002, 2004b; Frank and Esper, 2005) . This is mainly connected with high soil permeability and a flat root system of this tree species.
Sitka spruce naturally grows in North America under influence of oceanic climate characterized by high precipitation. This species requires much precipitation during the growing season and it is susceptible to very frosty winters (Flowells, 1965) . Sitka spruce has been growing in Europe since the middle of the 19 th century. The best conditions for its growth are present under oceanic climate of British Isles. In continental Europe it suffers from winter frosts and summer droughts (Bellon et al., 1977; Feliksik and Wilczyński, 2008) . On the Baltic sea-coast low temperatures of winter, spring, and summer turned out to be the factor most strongly limiting its diameter growth. Also water deficiency in spring and summer has a negative effect on Sitka spruce, similarly as in the case of Norway spruce. In both these species the effect of precipitation on variation of tree-ring width was very similar.
Douglas-fir in its natural range is characterized by great variability in respect of resistance to drought and frost. However, its climatic requirements are strongly connected with local site conditions (Flowells, 1965; Harlow et al., 1978) . Under continental climate of North America, poor in precipitation during the growing season, its growth strongly depends on precipitation (Biondi, 2000; Zhang et. al 2000) . In semiarid regions growth of Douglas-fir mainly depends on precipitation. But also an excessively high temperature which increases transpiration has a negative effect on its growth (Fritts, 1974; Cleveland, 1986; Biondi, 1997) . Also European studies have confirmed the variability of Douglas-fir climatic requirements (Schober, 1963; Białobok and Mejnartowicz, 1970; Chylarecki, 1976; Feliksik and Wilczyński, 2003, 2004a,b; Wilczyński and Feliksik, 2007) . The present study showed that on the Baltic sea-coast diameter increments of Douglas-fir were mainly controlled by thermal conditions of winter months, although they were important during the almost entire growing season. Besides Scots pine, Douglas-fir was the second species most sensitive to thermal conditions. Water delivered to soil from melting snow played a considerable role in formation of tree-rings of this tree species.
It was interesting to find that diameter increments of tree species under investigations depended to a certain degree on the previous year weather conditions. Low temperatures associated with high precipitation during summer and autumn of the previous year had a favorable effect on the next year tree growth. Probably such conditions favored the processes of nutrient storage and formation of high quality buds.
The dendroclimatic analyses presented in this paper clearly showed a very wide and variable time range of climate-tree growth relationships. This has confirmed the need of taking into account in studies of this type the climatic conditions of months previous to the growing season.
CONCLUSIONS
A high quality of trees of the species investigated during this study showed that their growth under conditions of a relatively mild climate of the Baltic sea-coast was normal and free of disturbances. The study results showed a high similarity between closely related Norway spruce and Sitka spruce in respect of the growth response. Such similarity was also observed between European fir and Douglas-fir in spite of the fact that these two species are native for two different continents. Scots pine, a na- tive tree for Poland, distinctly differed from other four species in respect of the wood increment rhythm influenced by local climate. Thus, the similarity in growth response is more connected with taxonomic (genetic) relations than with tree provenance. The introduced tree species become adapted to new, frequently different, climatic conditions without a greater problem presenting growth features of their local cousins.
The thermal factor controlling the diameter growth of trees was in the case of most species investigated during this study the dominant factor. It turned out that Scots pine, a species known to be resistant to low temperature, was the most susceptible to this climatic factor. Only in Norway spruce the pluvial factor determined growth more strongly than temperature. This factor also strongly affected growth of Sitka spruce. Probably this was connected with features of root systems of both spruce species, being usually flat and taking advantage of precipitation water of surface soil layers.
The dates of the beginning and end of the growing season are mainly determined by thermal conditions. It turned out that early spring air temperature is the most important factor for wood increment of trees. The treering width depends upon this temperature. During early spring and summer, when division of the cambium is intensive, also the pluvial factor is important for growth of trees. The positive effect of late winter precipitation indicated on the one hand a significant protective role of the snow cover, and on the other hand its function as a reservoir of water which gradually is released to soil in early spring.
It should be stressed that also the previous year thermal and pluvial conditions affect the cambium activity. They control the amount of nutrients stored as well as the quality of buds and the tree condition during the period of wintering, and in spring when growth begins.
Similarities and differences in sensitivity of trees to the climatic factor are disclosed in tree-ring width chronologies. The ring width may be considered as an external measure of tree sensitivity to the variable weather factor. If there are climate elements having a similar effect on increment responses of trees of various species, then this effect is revealed in a so called super-species chronology. This chronology shows mutual characteristics of various tree species resulting from their similar sensitivity to climatic elements.
A high quality of the investigated trees indicates that although a mild climate of the Baltic Sea controls the tree diameter increment, but it is not a destructive factor. Apart from native tree species such as Norway spruce, European fir or Scots pine also foreign species Sitka spruce and Douglas-fir may be successfully introduced to forests.
